INTRODUCTION
The knowledge of the interconnections between the major filament systems of the cytoskeleton is a necessary step for the understanding of the cytomatrix organization [1] . There is little evidence in vivo supporting the hypothesis that the two main types of filaments (microtubules and microfilaments) are interconnected, although there are some indications which suggest that such interactions take place. For example, it is known that actin-filament-disrupting agents inhibit fast axonal transport, a microtubule-dependent movement [2] . By contrast, a number of studies in vitro with purified actin and microtubule proteins have been carried out. Viscometry, photobleaching, co-sedimentation and electron-microscopic analysis have documented extensively the existence of interactions in vitro between microtubules and microfilaments [3] [4] [5] . It has been indicated that whereas tubulin is probably not involved in this interaction, microtubule-associated proteins (MAPs) do seem to associate with actin [3, 6] . At least two MAPs, MAP-2 and tau, bind to actin by forming aggregates or bundles of microfilaments [5] [6] [7] [8] . Other MAPs, such as MAP-1, probably also associate with actin [9] . Pollard et al. [10] have described the presence of two actin-binding sites on MAP-2, one located on, or close to, the tubulin-binding domain [5, 10] . More recently, Sattilaro [11] has reported that actin binds to a 32 kDa fragment of MAP-2 which also contains the tubulinbinding site. The tubulin-binding domain of MAP-2 has recently been reported [12] and is composed of three repeated sequences. Almost identical sequences have been reported for tau protein, although in this case three or four repeats are present [13, 14] . A single repeat is sufficient for tubulin binding [15] .
We have synthesized a peptide corresponding to one of the tubulin-binding-site repeats of tau protein and analysed its interaction with actin. Our results indicate that this peptide binds to tubulin as well as to actin.
MATERIALS AND METHODS
CNBr-activated Sepharose 4B and Staphylococcus aureus Protein A were purchased from Pharmacia (Piscataway, NJ, U.S.A.). BSA and ovalbumin were obtained from Sigma (St. Louis, MO, U.S.A.). The peptide KVTSKCGSLGNIHHKP-GGG, which contains the tau-protein tubulin-binding site [13, 14] , was obtained by chemical synthesis using an automatic solidphase peptide synthesizer (430A Applied Biosynthesis). The peptide was further purified by reverse-phase h.p.l.c. using a Nova-Pak C18 column.
Microtubule protein was obtained from bovine brain by two temperature-dependent assembly-disassembly cycles [16] and stored as pellets at -70 'C. Immediately before use, the microtubule pellets were resuspended in 0.1 M-Mes (pH 6.4)/0.5 mmMgCl2/2 mM-EGTA/ mM-GTP (buffer A), and a third assembly cycle was performed. Tubulin depleted of MAPs was obtained by phosphocellulose chromatography [17] , and tau protein was isolated as indicated by Herzog & Weber [18] .
Actin was isolated from rabbit skeletal muscle by the method of Spudich & Watt [19] . G-actin was stored at -70 'C in 2 mmTris/HCI (pH
Polyclonal anti-tau antibodies were raised in rabbits as previously described [20] . Antibodies against the synthetic peptide were obtained after cross-linking of the peptide with keyholelimpet hemocyanin by the method of Bulinski & Gundersen. [21] .
Affinity chromatography
A portion (1 mg) of the synthetic peptide containing the tubulin-binding site was mixed with 0.3 g of CNBr-activated Sepharose 4B in a buffer which contained 0.1 M-NaHCO3, pH 8.5, and 0.5 M-NaCl. The mixture was incubated and gently agitated for 2 h at 30 'C, and the coupling of the peptide to the resin was stopped by the addition of 0.1 M-Tris, pH 7 at room temperature for 20 min at 150000 g in a Beckman Airfuge. Equivalent portions of the supernatant and the pellet protein fractions were treated as follows.
(a) They were dotted on to nitrocellulose sheets, blocked with 0.05% Tween-20 in phosphate-buffered saline (PBS), incubated with the anti-(synthetic tau peptide) antibody (1:200 dilution in PBS, containing 0.05% Tween-20), followed by incubation with '25I-Protein A diluted in PBS containing 0.05 % Tween-20. Samples were autoradiographed, and the radioactivity in each sample was quantified in a y-radiation counter.
(b) They were analysed by gel electrophoresis as described by Hashimoto et al. [22] , transferred to nitrocellulose paper and immunoblotted according to the method of Towbin et al. [23] .
Electronmicroscopy analyses
Samples containing actin filaments were placed on carbon/ collodion-coated grids and stained for 30 s in aq. 1 % uranyl acetate.
For immunoelectron-microscopic analyses, aliquots of actin/ MAP mixtures were fixed in solution in the presence of 0.5% glutaraldehyde for 1O min at room temperature. The reaction was stopped by addition of 0.2 M-NH4Cl. Samples were then applied to carbon/collodion-coated grids, blocked with 2% ovalbumin, followed by incubations with polyclonal antibodies against tau factor (1:O00 dilution in buffer A, containing 2% ovalbumin) or the synthetic tau peptide (1: 100 dilution). Samples were further incubated with Protein A labelled with 5 nm gold particles for 30 min at room temperature and examined under a Jeol lOOB electron microscope.
RESULTS
To analyse the possible association of actin with the peptide of tau protein which contains one of the tubulin-binding sequences, we first performed affinity-chromatography studies with the synthetic peptide coupled to Sepharose. Purified G-actin was retained in the column, as determined by measurements of the A280 (Fig. la) . Tubulin, used as a positive control for the experiment, was also retained in the column (Fig. lc) , whereas BSA and ovalbumin, the negative controls, were not (Fig. lb) . After an increase in the ionic strength (in the case of tubulin) or a decrease in the pH (in the case of actin), the bound proteins were eluted and characterized by gel electrophoresis (insets in Fig. l) . These results suggest that the peptide containing the tubulin-binding site is also capable of binding to actin.
The association of the synthetic tau peptide with actin was also demonstrated by co-polymerization experiments carried out with purified F-actin. Fig. 2 shows that both the synthetic tau peptide and the whole tau protein co-sediment with F-actin with similar efficiency. Fig. 3 indicates the characterization by gel electrophoresis of the protein present in the soluble or the polymerized fraction after mixing the synthetic tau peptide and actin. Tau peptide moves on the gel as a wide band (as is usually found for small peptides), and it was observed in the sedimented protein fraction only when actin was present (Fig. 3, lane 2) .
The binding of the synthetic tau peptide with F-actin was further confirmed by electron-microscopic analyses. Fig. 4 shows micrographs of negatively stained F-actin incubated in absence (Fig. 4, part c) or in the presence of tau protein (Fig. 4, part b) and those of F-actin incubated in the presence of the synthetic tau peptide (Fig. 4, part a) . Tau protein aggregates actin filaments into bundles (Fig. 4, part b) , as previously described [6] , whereas the synthetic tau peptide does not (Fig. 4, part a) Fig. 3 . Sedimentation analysis of tau binding to actin Actin alone (lanes 1) or the synthetic tau peptide incubated either in the presence of actin (lanes 2) or in its absence (lanes 3) were incubated under the conditions described in the Materials and methods section to allow the assembly of actin. Samples were loaded on a 10%-sucrose cushion in buffer A and centrifuged at 150000 g for 20 min in a Beckman Airfuge. Supernatants (S) and pellets (P) were loaded on a 10-18 %-acrylamide-gradient/SDS gel containing 7 M-urea, with an acrylamide/bisacrylamide ratio of 20:1 (w/w) [22] . Proteins were transferred to nitrocellulose paper as described by Towbin et al. [23] . The paper was incubated with the anti-tau antibody and subsequently with I2'l-Protein A from S. aureus. 1, Amido Black-stained proteins; 2 and 3, autoradiogram of immunoblots. (Magnification x 250000.) Fig. 4 . Electron micrographs of negatively stained specimens of actin filaments alone (c), actin filaments exposed to tau protein (b) and actin filaments exposed to the synthetic tau peptide (a) (magnification x 150000) two actin molecules. To corroborate the binding of the synthetic tau peptide to F-actin, a more direct analysis was performed by incubating the polymers with anti-(synthetic tau peptide) antibody, followed by addition of Protein A labelled with gold particles. Fig. 5 , part a, shows that the synthetic tau peptide is bound to the actin filaments. Tau protein, the positive control, was also bound to F-actin, as determined by using the antibody against the synthetic tau peptide (Fig. 5, part b) . A negative control in which the preimmune serum of the rabbit was used is also shown (Fig. 5, part c) .
DISCUSSION Both MAP-2 and tau proteins have been shown to bind to actin filaments [5] [6] [7] [8] . The site at which MAP-2 binds to actin has been located on a 32 kDa fragment of the MAP-2 molecule which contains the tubulin-binding site [11] . The molecular cloning of both MAP-2 and tau has allowed the localization of the tubulin-binding site in these two proteins to a small region of the molecule which comprises a consensus motif repeated several times in both MAP-2 and tau molecules [12] [13] [14] [15] . This study defines that the peptide sequence KVTSKCGSLGNIHHKP-GGG, which corresponds to one of these tubulin-binding motifs, also binds to actin. As this sequence, which is shared by tau and MAP-2, is involved in the binding of tubulin as well as of actin, it might be suggested that actin and tubulin share a similar sequence responsible for the binding of tau and MAP-2 proteins.
As the tau [24, 25] and MAP-2 [25] [26] [27] binding sites on tubulin have been described, we have searched for a similar sequence on the actin molecule. Fig. 6 shows the result of the comparison of tubulin [28, 29] and actin [30, 31] suggests that MAP-2 and tau may bind to that region of actin as they do to the corresponding tubulin region. Interestingly, gelsolin, an actin-binding protein, associates with actin at the region containing amino acids 329-369 [32, 33] . The synthetic tau peptide binds to G-actin (Fig. 1) as well as to F-actin (Figs. 2, 3 and 5) ; however, it is unable to associate actin filaments into bundles (Fig. 4) . By contrast, MAP-2 and tau proteins are capable of bundling microfilaments [5] [6] [7] [8] , which suggests that bundle formation may require more than one actinbinding site. Since the existence of more than one binding site on tau or MAP-2 molecules may be required to establish the interconnections between cytoskeletal polymers, the saturation of those binding sites by large numbers of actin or tubulin molecules could prevent the establishment of such connections. Competition of MAPs for microtubules or microfilaments has been suggested in some systems [11, 34] . It has also been proposed that the presence of gelsolin prevents fast axonal transport, a microtubule-dependent movement [35] .
The presence of MAPs in association with actin has been described in physiological situations, as in the case of MAP-2, which could act as an actin-binding protein during the initial phase of dendritic growth in neurons [36] . In pathological situations, MAP-2 and tau proteins have been detected in structures composed of actin but lacking tubulin, such as the Hirano bodies [37, 38] .
These findings indicate that MAP-2 and tau could be considered not only as microtubule-connecting proteins, but also as actin-binding proteins, microfilament-connecting (bundling) proteins or microtubule-microfilament-connecting proteins [3] [4] [5] [6] [7] [8] [9] [10] [11] .
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